Abstract-An over-mode metal rectangular waveguide is widely used in the generation, propagation, coupling, and transition of microwaves. When applied as the beam-wave interaction circuit of some high power microwave devices, a rectangular waveguide is expected to operate at a single electromagnetic mode. To do that, unwanted modes resulted from spurious oscillations should be suppressed. In this paper, a method of selective suppression of electromagnetic modes in rectangular waveguides by loading distributed losses in some special position of waveguide inner wall is presented. By using the method, the unwanted modes can be attenuated much larger relative to the operating mode. The presented method can be used to improve the stability of rectangular waveguide beam-wave interaction circuit.
INTRODUCTION
An over-mode metal rectangular waveguide is widely used in the generation, propagation, coupling, and transition of microwaves [1] [2] [3] [4] . Almost applications require the rectangular waveguide to operate at a single-mode status. For some usual application, the status can be achieved by selecting appropriate waveguide dimensions and wave frequency to make only the lowest order mode (TE 10 ) not cut off.
However, for some special application, a single mode status is not so easy to be obtained. For example, when a rectangular waveguide is applied as the beam-wave interaction circuit of vacuum electron devices like the gyrotron, unwanted modes can be excited by spurious oscillations resulted from various beam-wave instabilities [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In order to suppress the unwanted modes, some technical measures have been presented.
One of these measures is the distributed wall losses technique [14] [15] [16] [17] . Distributed wall losses can be implemented by coating the inner wall of interaction circuit with finite conductivity material, which then can attenuate electromagnetic modes in the circuit, including both operating mode and unwanted modes. The attenuation for unwanted modes can effectively suppress their excitations. The attenuation for operating modes can reduce its amplification gain per unit length but the total gain may not be influenced because the total length of interaction circuit can be increased due to the improvement of interaction stability.
As is well known, the losses strength resulted from the lossy wall is proportional to the wall surface current density. Each of the electromagnetic modes has its own special current density distribution on the waveguide wall. Therefore, for a given mode, the losses strength is strongly dependent on where the lossy material loaded. Moreover, different modes take on different reaction to the change of lossy material's position. So, it is possible to selectively suppress electromagnetic modes in rectangular waveguides by loading lossy material in some special position. In this paper, the selective suppression properties of rectangular waveguide are investigated theoretically and some typical calculation results are presented. This paper is organized as follows. The characteristics of wall current distribution of rectangular waveguide are put up in Section 2. The analytic formula of propagation constants of electromagnetic modes in lossy rectangular waveguide is given in Section 3. Numerical results and discussions are made in Section 4, and this work is summarized in Section 5.
WALL CURRENT DISTRIBUTION IN A RECTANGULAR WAVEGUIDE
Since a gyrotron usually is operated at a TE mode, only TE mode is considered in the following study. The rectangular waveguide is shown in Fig. 1 , with its inner dimensions given by a for the width and b for the height. The x, y and z axes are placed along the broad side, narrow side and the axis of the waveguide. The magnetic field components of the TE mn mode in the rectangular waveguide with perfect conductor wall can be expresses as Figure 1 . The cross section of a rectangular waveguide.
wherein,
, and H zm is the amplitude of the axial magnetic field H z .
The surface current density on the inner wall can be obtained by
wherein, e n is the unit vector normal to the waveguide wall. Substituting Eqs. (1)- (3) into Eq. (4), we can find that the root-meansquare value of the current density is
at the x = 0 and x = a walls and
at the y = 0 and y = b walls. From Eqs. (5) and (6), it can be found that, the maximum current density happens at the positions with cos 2 (k y y) = 1 for the x = 0 and x = a walls and cos 2 (k x x) = 1 for the y = 0 and y = a walls.
ANALYTIC FORMULA OF PROPAGATION CONSTANT
The propagation of the electromagnetic wave along a lossy waveguide abides the e jωtγz and the propagation constant γ can be written as
where α and β are, respectively, the attenuation constant and phase constant. Two kinds of approximate analytic model can be used to derive the propagation constant. One is the power loss model [18, 19] . This model considers the attenuation constant as the ratio of the power loss on per unit length to the power transmitted in the waveguide. The transmitted power is approximated by that transmitted in a corresponding waveguide with perfect conductor wall. A wave can not propagate in a perfect waveguide if its frequency is below cutoff. So, the attenuation constant will be close to infinite and not feasible for frequencies close to and below cutoff. The second is the so called boundary impedance perturbation model [19] [20] [21] [22] [23] . This model can be used into the frequency range close to and below cutoff and the effect of wall loss on the phase constant can also be considered. Moreover, it can be proved that, the results from the two models are in good agreement when wave frequency is a little larger than cutoff.
According to the boundary impedance perturbation method, the propagation constant γ mn of the TE mn mode in a lossy waveguide with finite conductivity wall can be calculated using the following expression [19, 21] 
wherein, γ 0 = jk z , S denotes the cross section of waveguide, and l is the boundary curve of S, δ is the skin depth of the waveguide wall, and φ 0 represents the transverse distribution of axial magnetic field H z . For the rectangular waveguide,
For example, when wall losses is coated around the center of the two broad sides as shown in Fig. 2 , the propagation constant can be written as In [21, 24] , the validity of Eq. (8) had been confirmed by comparison with results obtained using high-frequency structure simulator (HFSS). 
RESULTS AND DISCUSSIONS
Three modes, TE 10 , TE 20 , and TE 01 are considered in the following study. Also, the length of the broad side is assumed to be 2 times of the length of the narrow side (a = 2b). So, the TE 20 and TE 01 modes are degenerate. In addition, the TE 10 mode is assumed to be the operating mode and the other two modes are the unwanted modes. According the current distribution presented in Section 2, Fig. 3 plots the normalized wall current density distribution along the cross section of the rectangular waveguide for the three modes. It should be noted that, in Fig. 3 , the horizontal coordinates are divided into four segments by the three vertical dashed lines, corresponding The ratio of the attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the length of the lossy section for f = 1.01f c and ρ = 10 4 ρ cu . Figure 5 .
The ratio of the attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the wave frequency for L = a/3 and ρ = 10 4 ρ cu .
to the four walls of the waveguide. The horizontal coordinate variable is y for the x = 0 and x = a walls, and x for the y = 0 and y = b walls. It is easy to find that, at the position of x = a/2, the current density reaches its minimum for the TE 10 mode and its maximum for the other two modes as shown in. So, wall losses configuration shown in Fig. 2 can be used to suppress the two unwanted modes. Figure 4 plots the ratios of the normalized attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the length of the lossy section. Wherein, α mn and β mn denotes the real and imaginary parts of γ mn , respectively. The normalized attenuation constant is defined as the ratio of the attenuation constant α mn to the cutoff wavenumber k mn . The coated lossy material is assumed to have a resistivity ρ = 10 4 ρ cu . ρ cu = 1.72 × 10 −8 Ω · m is the resistivity of copper. For each mode, its wave frequency f is assumed to be 1.01 times of its cutoff frequency f c .
As expected, the ratios decrease rapidly with the increment of the lossy section length L. Optimum suppression effect for the two unwanted modes can be achieved only when the lossy section is very short. Figure 5 displays the ratios of the normalized attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the wave frequency for L = a/3 and ρ = 10 4 ρ cu . The ratios related to the case that the whole waveguide wall is coated with lossy material are also plotted for comparison and the corresponding curves are denoted with "full loss". We can see that, the ratios in the case of "partial loss" are much larger than those in the case of "full loss". Optimum suppression effect can be achieved when the wave frequency is approximately equal to 1.01 cutoff frequency. The ratios in the case of "partial loss" will shift close to those in the case of "full loss" when the wave frequency is very larger than the cutoff frequency. Figure 6 shows the ratios of the normalized attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the resistivity for L = a/3 and f = 1.01f c . For the case of "partial loss", the ratios keep unchanged when the resistivity is smaller than 10 3 ρ cu and begin to reduce slowly with further increase of the resistivity. Moreover, for the two degenerate modes, the attenuation of the TE 01 mode is always larger than that of the TE 20 mode, according to Figs. 4-6.
Figure 6.
The ratio of the attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of the wall resistivity for L = a/3 and f = 1.01f c .
Figure 7.
The ratio of the attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of b/a for L = a/3, f = 1.01f c , and ρ = 10 4 ρ cu . Figure 7 illuminates the ratio of the attenuation constants of the TE 20 and TE 01 modes to that of the TE 10 mode as a function of b/a for L = a/3, f = 1.01f c , and ρ = 10 4 ρ cu . The ratios corresponding to "full loss" still approximately keep fixed despite b/a changing within a wide range from 0.1 to 1. For the case of "partial loss", with the increment of b/a, the curve related to the TE 20 mode increases slowly but that related to the TE 01 mode does rapidly. The underlying reason is that, with the increment of b, the cutoff frequency of the TE 20 mode keeps unchanged but that of the TE 01 mode reduces. As a resulted, the normalized attenuation constant of the TE 01 mode increases with the increment of b.
In the following, the TE 20 mode is assumed to be the operating mode and the TE 10 and TE 01 modes are the unwanted modes. Wall The ratio of the attenuation constants of the TE 10 and TE 01 modes to that of the TE 20 mode as a function of the wave frequency for L = a/6 and ρ = 10 4 ρ cu .
losses configuration shown in Fig. 8 can be employed to suppress the two unwanted modes. Fig. 9 plots the ratios of the normalized attenuation constants of the TE 10 and TE 01 modes to that of the TE 20 mode as a function of the wave frequency for L = a/6 and ρ = 10 4 ρ cu . From Fig. 9 , it is also easy to find the effectiveness of this configuration. Similarly, the optimum suppression happens at f = 1.01f c .
CONCLUSION
The idea of to selectively suppress electromagnetic modes in rectangular waveguide by using distributed losses is presented and investigated theoretically. Numerical results for three typical modes, including the TE 10 , TE 20 , and TE 01 are given in detail. The effect of the wave frequency, the wall resistivity, and the lossy section length are analyzed. When the TE 10 mode is the operating mode, the lossy material may be coated around the center of the broad side of the rectangular waveguide, and when the TE 20 mode is the operating mode, the lossy material could be coated around the quarter and three quarters of the broad side. 
